

















in Aliaga to determine the spatial and seasonal variations of polycyclic aromatic hydrocarbons (PAHs) and
polychlorinatedbiphenyls(PCBs).Soilsampleswerealsocollectedattheairsamplingsitesduringthesummer
period. Phenanthrenewas themost abundant PAH at all sites, and all sampleswere dominated by low to
mediummolecularweightPAHs,i.e.,fluorene,fluorantheneandpyrene.ThespatialdistributionofambientPAH
concentrations indicatedthatthemajorPAHsources intheregionwere iron–steelplants,petroleumrefinery,
and ship dismantling plants. At residential sites, PAH concentrations were higher in winter indicating that
wintertimeconcentrationsweremainlyaffectedbyresidentialheatingemissions.However,highestatmospheric
PCBsconcentrationswereobserved insummer,probablydue to increasedvolatilization from theirsourcesat
highertemperatures.LowtomediummolecularweightPCBs(tri–,tetra–,penta–CBs)werethemostabundant
compoundsinairforallseasons.Resultsalsoindicatedthatiron–steelplantsandshipdismantlingfacilitieswere
the major PCB emitters in the region. A similar spatial variation was observed for soil PAH and PCB
concentrations.AirandsoilPAHandPCBconcentrationswerecorrelatedsignificantlyindicatingtheinteraction
ofthesecompartments.Resultsofthefugacityratiocalculationsindicatedthatlocalsoilsgenerallyactasasink






















The studyareaof thepresentwork (Aliaga industrial region,
Izmir,Turkey)containsseveralpollutantsources includinga large
petroleumrefineryandapetrochemicalcomplex,scrapprocessing




with scrap irondockyards.Recent studiesbasedon soil,ambient
air, and stack–gas sampling have shown that the ferrous scrap
processing steel plantswith EAFs in Aliaga industrial region are
important local sources of polycyclic aromatic hydrocarbons
(PAHs), polychlorinated biphenyls (PCBs), polychlorinated
naphthalenes (PCNs), and polybrominated diphenyl ethers
(PBDEs), several other organic compounds and trace elements
(Cetinetal.,2007;CetinandOdabasi,2007;Bozlakeretal.,2008a;
Bozlakeretal.,2008b;Bayrametal.,2008;Odabasietal.,2009).
Othermajor persistent organic compound (POP) emitters in the
area are the ship dismantling activities, the petroleum refinery,




have covered limited number of air sampling sites and
determinationofspatialdistributionof thePOPsmainlyreliedon
theirconcentrationsmeasuredinsoilatseveralsites.Thesestudies
have suggested that soil is an important environmentalmedium
reflecting the level and the spatial distribution of POPs emitted
fromstationaryairpollutantsources(Cetinetal.,2007;Cetinand
Odabasi, 2007; Bozlaker et al., 2008a; Bozlaker et al., 2008b;
Bayrametal.,2008;Odabasietal.,2009).Althoughcurrentstatus
oftheregion ishighlypollutedduetoseveral industrialactivities,
severalnew investments likeapetroleum refinery,naturalgasor




The main objectives of this study were to determine the
seasonal and spatial variations of ambient air concentrations of
PAHs and PCBs in Aliaga industrial region in Turkey and to
investigatetheirsources.PAHandPCBconcentrationsinsoilwere
alsomeasuredat several sites to investigate thedirectionofair–
soil exchange. Thiswork could also be considered as a baseline







Airsampling. Ambient air samples were collected using
polyurethanefoam(PUF)diskpassiveairsamplers(PAS).PUFdisk
samplers (14cm diameter, 1.35cm thick, 365cm2 surface area,
436 Kayaetal.–AtmosphericPollutionResearch3(2012)435–449 
0.0213gcmͲ3density,4.40gmass,207cm3 volume)wereplaced
inside a stainless steel chamber consisted of two stainless steel
domeswithexternaldiametersof30and20cm.Thedesignofthe
sampler protects the foam disk from direct precipitation and
coarseparticledeposition,andeliminatesultravioletradiationand
minimizes the effects ofwind speed on the uptake rate. Before
sampling,depurationcompounds(DCs)(13C–PCB3,13C–PCB9,13C–





Ambient air samples were collected during four seasons
(summer, fall,winter,andspring)at fortydifferentsites inAliaga
industrialregion,a5kmsouthoftheAliagacitycenteranda45km
north of the metropolitan city of Izmir, Turkey (Figure1). The
sampling periods were: July–August 2009 (summer), October–
November2009(fall),January–February2010(winter),andApril–
May 2010 (spring). Average sampling time ranged between 30–
30.9 days. Average air temperatures were 27.1, 19.9, 9.3, and




depth from the surface. Equal amountsof 10 sub–sampleswere
collected over a a100m2 area and were homogenized before
analysis.Largeparticlesandorganicdebriswereremovedusinga
1.0mmmesh sieve. The sampleswere sealedwith an aluminum
foil and stored at 4°C. About 10g of soil sampleswas used to
determine their water and organic matter content while 5g
samplewasused forchemicalanalysis.Soilmoistureandorganic














on an alumina–silicic acid column containing 3g silicic acid
(deactivatedwith4.5%DIwater)and2galumina(deactivatedwith
6% DI water). The column was pre–washed with 20mL
dichloromethane (DCM) followedby20mLpetroleumether (PE).
Then, the sample in 2mL hexanewas added to the column and






6890N gas chromatograph (GC) equipped with amass selective
detector(Agilent5973inertMSD)usingelectronimpactionization.
ThecapillarycolumnusedwasHP5–MS(30m,0.25mm,0.25μm)
Heliumwas the carrier gas. Fraction1was analyzed for PCBs in
selected ion monitoring mode (SIM). Then, equal volumes of
Fraction1 and 2 were combined and analyzed for PAHs since
lighter PAHs are eluted partlywith Fraction1. Compoundswere
identifiedbasedontheirretentiontimes,targetandqualifierions,
and were quantified using the internal standard calibration





(acenaphthene–d10), 107r23% (phenanthrene–d10), 98r24%
(chrysene–d12),92r23%(perylene–d12),86r12%(PCB–14),93r13%
(PCB–65),89r11% (PCB–166). Instrumentaldetection limits (IDL)





methoddetection limit (MDL,ng)wasdefinedas themeanblank
mass plus three standard deviations (MDL=Mean blank
value+3SD). Instrumental detection limit was used for the
compounds that were not detected in blanks. Using the MDL
values and average sampling volumes determined for different
compounds, calculated method detection limit ranged between
0.001–0.074ngm–3 and 0.7–6.4pgm–3 for PAHs and PCBs,
respectively. Average analyte amounts in blanks were generally
<5% of the amounts found in samples. Sample quantities
exceeding the MDL were quantified and blank–corrected by
subtractingtheaverageblankamountsfromsampleamounts.

Calculation of effective air sampling volume. The effective
samplingairvolumes forPAHsandPCBs fora1–month sampling
periodwerecalculatedusingrelationshipdevelopedbyShoeiband
Harner (2002) for non–polar hydrophobic chemicals. PUF disk
effectiveairvolume(Vair)iscalculatedas:
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mass transfer coefficient (MTC) (cmd–1), and Dfilm (m) is the
effective film thickness (Pozo et al., 2004). KPSM–A is the passive
samplingmedium (PSM)–airpartition coefficientbutdiffers from
theK'PSM–A(dimensionless).ForPUFdisk:

݈݋݃ܭ௉ௌெି஺ ൌ ݈݋݃ܭ௉௎ிି஺ ൌ ͲǤ͸͵͸͸݈݋݃ܭை஺ െ ͵Ǥͳ͹͹Ͷ (3)
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depuration compounds (Equation5) ranged from 4.21±1.37 to
4.93±1.50m3d–1forallsamplingperiods.Then,theair–sideMTCs
were calculated from these sampling rateswereusedalongwith
compound–specific KPSM–A values (Equation1) to determine the

















Air–soilexchangeofPAHs andPCBs is an importantprocess











CK U  (7)
whereCS is the soil concentration (ngkg–1,dryweight),Us is the
density of soil solids (kgm–3), and CA is the gas–phase air




KSA isdependenton temperature,humidityand thechemical
andsoilproperties(Meijeretal.,2003).PartitioningofPOPstosoil
occursviaabsorptiontotheorganiccarbonfraction.Theoctanol–
air partition coefficient (KOA) is a key parameter for chemical
partitioningbetween theatmosphereandorganicphases (Harner






PAHa MIN MAX MD AVG SD N
ACY 0.01 17.3 0.6 1.8 3.1 157
ACT 0.04 15.8 0.9 1.8 2.5 157
FLN 0.07 44.3 3.3 6.9 8.3 157
PHE 0.10 302 19.9 38.7 45.2 159
ANT 0.002 38.7 0.8 3.3 5.9 141
CRB 0.003 18.8 0.3 0.7 1.8 155
FL 0.09 144 7.9 17.4 24.5 159
PY 0.01 210 6.6 13.3 22.4 159
BaA 0.02 22.0 0.5 1.4 2.7 156
CHR 0.08 63.3 0.9 2.4 5.9 157
BbF nd nd nd nd nd 0
BkF nd nd nd nd nd 0
BaP 0.02 7.7 0.2 0.8 1.6 72
IcdP 0.02 10.8 0.1 0.5 1.3 144
DahA 0.02 21.1 0.1 0.6 2.2 127
BghiP 0.02 19.0 0.1 0.6 1.9 156







OAOCSSA K411.0K IU  (8)

where Us is the density of the soil solids (kgL–1) andØOC is the
fraction of organic carbon on a dry soil basis. The factor 0.411
improves thecorrelationbetween theKSAandKOA (Hippeleinand
McLachlan,1998;BidlemanandLeone,2004).Inthecalculationof
KSA, it is assumed that the fugacity capacity (Z) of soil is due to
entirely the organic carbon fraction (Bidleman and Leone, 2004;
Meijeretal.,2001).

Concurrent air and soil concentrations are ideally used to
determine thedirectionofexchangeof individualPOPsbetween



















Ambient air PCB and PAH concentrations are presented in
Tables1 and 2.  є16PAH concentrationsmeasured in thepresent




Figures2 and 3 show the spatial distribution of ambient air





ship dismantling activities, confirming the observations of the
recent studies conducted in the area (Bozlaker et al., 2008a;
Odabasietal.,2009).Atresidentialsites,PAHconcentrationswere
higher in winter (two–tailed t–test, p<0.01) indicating that
wintertimeconcentrationswerecontributedbyresidentialheating
emissions (Figure3). However, highest atmospheric PCB
concentrations were observed in summer, probably due to
increasedvolatilization from theirsourcesathigher temperatures
(Figures4 and 5). Spatial variation of the PCB concentrations
indicated that iron–steelplantsand shipdismantlingplantswere
themajorPCBemitters intheregionwhereallkindsofscrap iron
and steel materials are stored, classified, cut into pieces, and
melted.

Petroleum refineries are significant PAH emitters as also
suggestedby the resultsof thepresentstudy.Refineryprocesses
likedistillation, catalytic cracking, storage andhandling, and fuel
combustion units are the major contributors to PAH emissions
(Singh et al., 2010).A recent study conducted inAliaga has also





an important industrialprocess inTurkey. InTurkey,29.14million
tons of steel was produced in 2010, making the country 10th
biggest producer in theworld. Plants processing scrap ironwith
electricarcfurnaces(EAFs)accountedfor71.7%ofthisproduction.
Mostof the ferrousscrap (66%)used inEAFs (19.16million tons)
wasimportedandthisamountisequalto16.3%ofthetotalscrap
imported in theworld (World Steel Association, 2011). Iron and
steel could be produced either from iron ore at integrated steel
plantsor from ferrousscrapbyelectricarc furnaces (EAFs). Iron–







(NOx, SO2, CO, HF, and HCl) (IPPC, 2001). Polycyclic aromatic
hydrocarbons (PAHs)andpersistentorganicpollutants (POPs) like
polychlorinated biphenyls (PCBs), polychlorinated naphthalenes
(PCNs), and polybrominated diphenyl ethers (PBDEs) are also
emitted(IPPC,2001;Alcocketal.,2003;USEPA,2008;Odabasiet
al., 2009). PAHsmay be present in the scrap and are thermally
desorbedduring theproductionprocessesor theymay formasa
resultofincompletecombustionofscraporganicmatter,fuels,and
processadditives likecoal.PCBsarealsopresent inthescrapand





dismantling activities as significantPAH and PCB emitters.Aliaga
shipdismantlingsiteaccountsfora11%oftheTurkey’sscrap iron
demand(Neseretal.,2008).Recently,thedetrimental impactsof
the ship dismantling (or ship–breaking) process on the
environmenthaveraisedglobalconcerns(Bashaetal.,2007).The
presentlyusedtechnologyintheship–breakingprocessisrelatively
simpleand labor–intensive.Theship isstrippedentirelyand then
cut into fragments using oxygen torches. Cranes are used for
loading and unloading of heavymachinery and for dragging the
shipfurtheruptheshore.Theprocessitselfaswellasthefiresthat
burn the non–recyclable waste materials produces toxic fumes
(Basha et al., 2007). PCBs were widely used on ships in 1960–
1980s,sotheirbreak–upandmetalrecyclingmaybeanimportant
anduncontrollablesource.Recently,ship–breakingactivitieshave
also been implicated as potential sources for the elevated air
concentrations of PCBs occasionally measured in India using
passiveairsamplers(PAS)(Breiviketal.,2011).









at those studies cover a range of spatial (urban, suburban, and
industrialsites)andaseasonal(winter,summer)variation.Recent
comparisons have indicated that the ambient PAH and PCB
concentrations measured in the area were within the ranges
reportedintheliterature(Cetinetal.,2007;Bozlakeretal.,2008a;
Bozlakeretal.,2008b;Demirciogluetal.,2011a).  Ingeneral, the
concentrationsmeasured in industrial sites of the present study
were significantly higher than thosemeasured recently in Izmir
area. ɇ41PCB concentrations reported in the literature and
measured in Izmir area rangebetween a fewhundreds to a few
thousands pgm–3 (Cetin et al., 2007; Bozlaker et al., 2008a).
Recently, relatively high ɇ27PCB concentrations (4230–
11350pgm–3) were measured around an electronic waste
dismantling facility in China (Li et al., 2008). Considering the
previously reported concentrations in the studyareaandaround
theworld (Cetin et al., 2007;Bozlaker et al., 2008a), the є41PCB
concentrationsmeasuredinarecentstudynearthesteelplantsin
Aliaga (19000–136000pgm–3) were among the highest ones
measuredeveraround theworld (Odabasietal.,2009).Similarly
high ɇ41PCB concentrations were measured at the industrial
sampling sites of the present study (up to 230958pgm–3)








838ngm–3, Table1), and concentrations measured at industrial
sites were generally higher than the gas–phase concentrations
measured recently at suburban (23.5ngm–3) and urban sites
(109.7ngm–3)inIzmir(Demirciogluetal.,2011a).

Low molecular weight compounds i.e., phenanthrene,
fluorene, fluoranthene, and pyrene dominated the ɇ16PAH









PAH and PCB concentrations measured in soil samples are
presented inTablesS1andS2 (see theSM). ɇ16PAHs in soilwere
dominated by medium to high molecular weight compounds
(fluoranthene, chrysene, pyrene, benzo[b]fluoranthene, and








dominated by lowmolecularweight congeners,medium to high
molecularweightcongeners(4,5,6,and7–Cl)hadrelativelyhigher
concentrations in soil. ɇ16PAH concentrations in soilmeasured in
thisstudyrangedbetween1to1166μgkg–1(dryweight).Similar
to air concentrations, the highest soil PAH concentrations were
measured around the iron–steel plants, petroleum refinery,
petrochemical plant and ship dismantling area confirming that
thesearethemajorPAHsources intheregion (Figure6).Thesoil
ɇ41PCB were also highly variable, and ranged between 0.3 to
461Pgkg–1(dryweight).ThehighestsoilPCBsconcentrationswere
measuredaround the iron–steelplantsandshipdismantlingarea
confirming that these are the major PCB sources in the area
(Figure7).
Soil PAH and PCB concentrationsmeasured in the present
studywerecompared to thosereported recently in the literature
for several rural/background/agricultural, urban/suburban, and
industrialsites (see theSM,TableS3).Concentrationsreported in
theprevious studieshada large variationwithin a site category.
However, in general soil PAH and PCB concentrations show the
following trend: rural/background/agricultural sites<urban/
suburbansites<industrialsites.SoilPOPconcentrationsmeasured
in the present study were higher than those measured in







PCB MIN MAX MD AVG SD N
PCBͲ18 12 28465 228 1123 2812 159
PCBͲ17 1 11496 99 516 1224 159
PCBͲ31 6 23140 152 825 2174 159
PCBͲ28 8 30655 250 1195 2987 158
PCBͲ33 14 20675 152 750 1964 157
PCBͲ52 7 15662 114 588 1478 159
PCBͲ49 6 9419 79 362 897 158
PCBͲ44 9 11263 96 419 1070 157
PCBͲ74 6 5321 43 196 504 157
PCBͲ70 8 12410 91 433 1161 159
PCBͲ95 7 6423 62 238 604 153
PCBͲ101 8 9490 85 335 881 155
PCBͲ99 2 3307 26 107 298 159
PCBͲ87 2 3731 34 133 351 149
PCBͲ110 6 7426 56 242 681 159
PCBͲ82 5 2003 21 71 211 110
PCBͲ151 2 901 13 45 103 157
PCBͲ149 4 3854 40 163 395 159
PCBͲ118 6 5828 50 202 541 156
PCBͲ153 4 3979 42 174 418 159
PCBͲ132 3 1733 24 75 173 155
PCBͲ105 3 2516 26 90 236 152
PCBͲ138 5 5186 51 209 521 157
PCBͲ158 3 593 10 28 62 122
PCBͲ187 1 610 12 41 85 155
PCBͲ183 1 411 7 24 53 149
PCBͲ128 4 1158 17 52 121 126
PCBͲ177 1 412 7 24 52 140
PCBͲ171 1 203 5 14 27 121
PCBͲ156 2 506 12 32 60 95
PCBͲ180 1 1403 18 77 177 157
PCBͲ191 2 32 6 9 7 31
PCBͲ169 nd nd nd nd nd 0
PCBͲ170 2 771 12 44 94 138
PCBͲ199 3 194 9 22 33 87
PCBͲ208 0.3 23 5 6 4 34
PCBͲ195 5 61 13 17 13 28
PCBͲ194 3 186 16 27 34 50
PCBͲ205 nd nd nd nd nd 0
PCBͲ206 3 65 12 16 12 46
PCBͲ209 3 46 5 8 11 17
















A recent studymeasuring soil POP concentrations has been
conducted inasimilarregion inTurkey(Hatay–Iskenderun)where
several iron–steel plants are located (Odabasi et al., 2010). Soil
POP concentrations measured in the present study were also
compared to those measured in Hatay–Iskenderun region. In
general, POP concentrations measured in Aliaga region were
comparable to thosemeasured inHatay–Iskenderun (see theSM,
TableS3). PAH concentrations in Aliaga region were generally






Organic matter (OM) content of the soil samples ranged
between 3.0–30.6% in the study area. The relationship between
the soil PAH and PCB concentrations and OM contentwas also
investigated.TherelationshipbetweenOMandsoilconcentrations











deposition/gas absorption of PAHs and PCBs emitted from their
sources (i.e., iron–steel plants, petroleum refining, production of
petrochemicals,shipdismantling)ratherthansoilproperties.

Air and soil PAH and PCB concentrations were correlated
significantly (r2=0.39 and 0.80 for PAHs and PCBs, p<0.01)
indicating the interactionof these two compartments. However,





Fugacity ratios for individualPAHsandPCBswere calculated
using Equations(8) and (9) todetermine thedirectionof air–soil
exchange.Temperature(T)dependentKOAvaluesofthePAHsand
PCBswere calculated using the regression parameters (A and B)
givenbyOdabasietal.(2006a),Odabasietal.(2006b),Harnerand
Bidleman (1996), Chen et al. (2002) and Zhang et al. (1999)
(logKOA=A+B/T).
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PCBͲ18 PCBͲ17 PCBͲ31 PCBͲ28 PCBͲ33 PCBͲ52
PCBͲ49 PCBͲ44 PCBͲ74 PCBͲ70 PCBͲ95 PCBͲ101
PCBͲ99 PCBͲ87 PCBͲ110 PCBͲ82 PCBͲ151 PCBͲ149
PCBͲ118 PCBͲ153 PCBͲ132 PCBͲ105 PCBͲ138 PCBͲ158
PCBͲ187 PCBͲ183 PCBͲ128 PCBͲ177 PCBͲ171 PCBͲ156
PCBͲ180 PCBͲ191 PCBͲ169 PCBͲ170 PCBͲ199 PCBͲ208



































































fraction was assumed to be 1.5 times of the organic carbon
fraction. The measured average density of soil solids (2.0±0.1
gcm–3, n=6) was used for all calculations. Soil samples were
collected during the summer sampling period only. However,
fugacityratiocalculationsweredoneforsummer,fall,winter,and
springperiodsusingtheairconcentrationsmeasuredduringthese
periodsand soil concentrationsmeasuredduring summer. Itwas
assumed that soil concentrations were not highly variable
throughout the year. This assumption was supported by recent






2000). A propagation of the errors that are associatedwith the
calculationindicatedthattheequilibriumisrepresentedbyanfS/fA
of1.0±0.26(i.e.,arangeof0.74–1.26).Thefugacityratiosofmost




During summer, fugacity ratios for acenaphthylene,
acenaphthene, fluorene and anthracene were generally >1.0




at some sitesanddeposition for theothers,while the remaining
PAHsdepositedtosoil.Fugacityratiosweresimilarinfalltothose
calculated for summerwith less occurrence of volatilization (see
theSM,FigureS5).Fugacity ratiosweresimilar inspring to those




(PCB 17, 18, and 28) were generally >1.0 indicating net
volatilization while the ratios for the remaining congeners
indicated deposition (Figure9). During winter, most PCBs











Recent studies show that PCB (polychlorinated biphenyl) air
concentrationsremainhighinpartsofAfricaandAsia(Zhangetal.,
2008; Breivik et al., 2011; Gioia et al., 2011). PCBs were never
extensively used in these regions, but they are implicated as
recipients of obsolete products andwastes containing PCBs and
other industrial organic contaminants. Breivik et al. (2011) have




and wastes. Therefore, reductions in industrial organic




concentrations observed in the present study indicated that the
major sources of these POPs in the region were steel plants,
petroleum refinery, petrochemical complex and ship dismantling
facilities.Fugacitycalculationsfurthersuggestedthatatmospheric
deposition isamajorsourceforPAHsandPCBsmeasured in local
soils.Sincemostofthese industrialactivitiesdependon imported
scrapiron,resultsofthepresentstudyclearlyshowedthatTurkey
is one of those countries importing POPs alongwith thewaste
materials.Furthermore,a recent study (Odabasietal.,2009)has
suggestedthatwhennationalemissionsforTurkeyareconsidered,
significant amounts of the POPs are imported into the country
along with the ferrous scrap. Estimated emissions have also







the industries in theareawhere thehighestconcentrationswere
measured.Therefore,asignificantpopulationlivingandworkingin
thestudyarea isexposedtohighPOPconcentrations.Webelieve
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PAH concentrations in soil samples (TableS1), PCB
concentrations in soil samples (TableS2), Soil PAH and PCB
concentrations reported in the literature (TableS3), Spatial
distribution of ambient air ɇ16 PAH concentrations for the fall
period (FigureS1), Spatial distribution of ambient air ɇ16 PAH
concentrations for the spring period (FigureS2), Spatial
distributions of ambient air ɇ41PCB concentrations for fall period
(FigureS3), Spatial distributions of ambient air ɇ41PCB
concentrationsforspringperiod(FigureS4),Relationshipbetween
the PAH fugacities in air and soil for the fall period (FigureS5),
Relationship between the PAH fugacities in air and soil for the
springperiod(FigureS6),RelationshipbetweenthePCBfugacities
inairandsoilduring fallperiod (FigureS7),Relationshipbetween
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